
NASA TT F-8040 

MECHANISM OF EXPLOSIONS OCCURRING IN DISCHARGE 

CIRCUITS OF AIR COMPR.ESSORS 

NATIONAL AERONAUTICS AP\TD SPACE ADMINISTRATION 
WAS HINGTO-J April 1961 

1' 



FmNCR E P O R T  ON BCHANISII OF TEE DPLOSIONS O G C W I N G  

N TEE DISCHARGE CSRCUE"I" OF A I R  COWBS56RS 

Table of Contents 

I, lintroduc t im 

X I .  The Behavior of a Deposit of Oil. in Contact with an. 
Air GurreLlt 3 

IIP. Obseaason of an Opera,ting Goqrsssor 7 

ItT. PropagaLion of an E ~ l o s i o n  i n  a Compressed A i r  Condd-k; 11 



A s  a result  of the Wo serious accidents, one a t  Courfiems OR 

19 April 1948, the other a t  Bethune on 6 April 1949, and since both 
were accompanied by an explosion in a compressed air circuit, CERCmq 
undertook a stu* of the different phenomena related to  these tmes  of 
explosions. A par t ia l  report has alrsady been the subject of CERCPm 
Tecfglical Memorandum 48/7. 'This report, by BBr. Loison, CMeP h g i n e ~ ~ r  
of CERCHAR, describes the t es t s  made a t  the Veraeuil b b o r a t o q  md 
proposes an interpretation of the mechanism of V d s  type of ~ 1 0 s i o i i 1 ,  

I. INTRODUCTION 

Nature of the Investigated Accidents 

The explosion of 19 April 1948 a t  Station 4-11 a t  Cowrisres, 
oecwred i n  the compressed-air c i rcu i t  which penetrates the &r i n W ~ e  
s h d t ,  C d M n g  ourselves t o  the obsemations relat ive to  the explo-- 
sion only, and excluding its consequences, we note the fo  g facts:  

1, In the intake shaft, the Zf;O-rmn-k-&aeter e ed a i r  
canal shawed 22 fissures betmeen the depths of 66 meters and 383 nae8krs, 
Outside, the l ine joining the compressor building t o  the head of the 
intake (about 7 m long), was blown away by the shock of the explosion, 

2. The Dujmdin C. V. B, 6, eowressor, one of seven, shms 
traces of a f i re .  Imediate* afLer the explosion, flames were obsemed 
emrging from the safety valves under the exhaust piping. The eaaus t  
valves of the high presm are dirty: Lheir exterior i s  covered 
by a coke deposit several t e r s  thick, The bottom of the valve 
cfianber is  covered by a s l t i c  cisposit more t h m  5 em thick, 
Even the interior  of the &-aust piping is  coated with a. Xghtsr 
deposit of soot or coal about f; nnn, "chick, The reservoir i n t o  .wMch 
th i s  piping leads i s  covered with a l ight  t of l ight  coke, 

3, The explosion occurred about 20 t e s  a f te r  ex'caaeL5on had 
stopped due to  a lack of e q t y  cars. 

The accident of 6 April 1949 a t  Bethme ( p i t  l"o, 2) i s  praceeally 
analogous t o  the previously mentioned one: 

1, In the shaft, the colrrpressed a i r  piping undement eight 
isregularly spaced fissures be-hmeen the depths of 6 meters and 3 6  ~ ~ e t e r s ,  

2. Outside, several fissures occurred i n  the piping (aboxxt 90 
m t e r s  long) which kinks the sesemoir i n  the conpressor room $0 the 
shaft. 

3. The interior  of the reservoir i s  covered with nmerous h y a r s  
of coke. A dull, grey, dry deposit partly covers the l ine  w e c h  ~ k s  
the resemoir t o  the Savutsr-Hmley No. 2 compressor; it i s  pa%icuT$,arw 
abundant near this compressor. On the other hand, the p iphg  of $he 
other conrpressors i s  covered with a greasy deposit 2 to  3 rn %Mck, 

4. In the Sauter-Harley No. 2 compressor, the exhaust valves of 
one of the cylinders are much drier  than the res t  and present a 



character is t ic  d u l l  greyish f inish,  This compressor had a nwh agtie-r 
than average o i l  consumption (280 kg per month, compared t o  50 kg per 
month). Since this compressor was used t o  meet peak de ds, -t;he BgIx 
o i l  consmption was  no doubt due t o  frequent vacuum opera thg  con&%ions: 
vacum operating conditions which are obtained by closing the intzbe, 
Lend t o  create subatmospheric pressures in the compressor, and $bus 
cause the r i s ing  of o i l  from the crank case i n t o  the lower p a t  of $ 1 ~  
cy&der. T h i s  compressor was i n  good workbg order, The Wpera%we 
of the c~~npressed air ,  measwed a f t e r  the  accident, af-br cki 
and reassembly, was found equal t o  120 degrees. 

Outside of these t;vPo serious accidents, numerous compressor 
incidents hage been observed f o r  a long time, These incidents eonsis~d 
of e i the r  a l o c a l  heating of a cer tain pipe or reservoir, or  as;a explosion 

general, was very limited, It i s  probabb tha"cm11e 
of the phenomenon i s  the  same in a l l  cases : the ?so 
m s  and B e t h e  are conspicuous because of the 

abnorraally large e f i en t  of the explosion, 

The c o d a s t i b l e  elements which are the origin of the obsemsd 
explosions can only come from the lubricating o i l  of the  conopressors; 
this oi l ,  pa r t i a l ly  enbained by the compressed a i r ,  i s  deposited i n  
the reservoir and the piping. Thus we were brought t o  s tudsng,  i n  %he 
laboratory, the  action of an a i r  current on an o i l  deposit. We ascsr-- 
talbned tha t  under certain conditions t h i s  deposit on the one h a ~ d  my 
becow crver-heated, and on the other hand may be the source of combus-- 
t i b l e  vapors which may spontaneously igni te ,  

Throqh observations over a long period of time of the  compressor 
i n s t a l l a t ion  a t  Gourrieres, we subsequently determined these prag:l;icaB 
operating conditions. A comparison of these conditions vJj_Lh I;I.bor;adov 
re su l t s  enabled us t o  exp the  origin of the f i r e  f lashes and $;a% 
explosions of limited extent which are observed from time t o  t im i n  
compressor instal la t ions,  

Hmever, the Bethune and Gowrrieres accidents present a tSfsren% 
problem. In fact ,  i n  both cases the condd t  was broken a t  severa,l gsh ta  
along a lengLh of more than 300 meters. Each f i ssure  i s  the o r i g b  of 
an expansion wave wKch i s  propagated with the speed of sownd tlwo%h 
the canddtwhen the pressure is brought t o  attnospheric, !The fact that  
there were several f i ssures  shows t h a t  a pressure wave travelled % h o ~ t g h  
the conduit a t  a speed superior t o  the speed of sound, In other ~vords, 
a detonathg condition was established i n  Lhs conduit, Nm expsrhe~~ts ,  
p e r f o m d  mder  c o n ~ c o n s  awroaching reality,  shawed %hat a d e t o n a t j ~ ~ g  
condition could effect ively be established i n  a conduit whose W.%c;&or 
mll i s  covered with a deposit of o i l .  



11, THE BENATTIOR OF A DEPOSIT OF OIL IPa CONTACT 
RITH AN A I R  

The possible resultant reactions of the contact of ran air  
current with an o i l  deposit depend essentially on the f o m  and support 
of the deposit, its position i n  the a i r  current, and the velocity OT 
the air current, In fact,  these different factors b temene i n  
ways : 

--on the one hand, like a l l  reactions betmen solids and gaaas, 
the speed of reaction depends on the f a c i l i t y  d t h  which the o~ge1.e of 
the a i r  can reach the surface of the deposit; 

--on the other hand, since, some of these reactions are e x o * h e d ~ ,  
the Lemperatwe of the deposit may be raised and the speed of reae%i&~z~ 
accelerated. The temperature increase depends on the conditions of heat 
removal by condntct;ion, radiation, and convection, 

We used two tgypes of apparatus successively: the first was more 
favorable fo r  reproacing the phenomna t o  be studied, the second was 
closer t o  reax*, 

A flow of q g e n  a t  atmospheric pressure, raised t o  temperatwea 
TI, travels throwh an o i l  impregnated mass mhich i s  placed in ,%P. 
enclosure mabtained a t  the same temperature TI. The appara%us i a  
s h m  i n  de t a i l  i n  Figure 1. 

%en the temperature Tl i s  beIm a certain l i m i t ,  which we w i l l  
d e s i s a t e  c r i t i c a l  temperature @i , the o i l  undsrgoes a slm wi&%ian9 
and i t s  teqera ture  r s c o n s t a t  and equal t o  tha t  of the incident 
a i r  f low,  The higher rature T l  is, the greater mriU be the speed 
of oxidation; the speed of oxidation varies greatlywith the nature oof 
the support: with grains of f e r r i c  hydrate it i s  appreciable alk; a 
relat ively lm temperature, of the order of 60 to 800 C, 

When the oxygen %qerature TI increases beyond the critiical 
value @?-, Lhe tenrpera-e of the support increases constantly above TI, 
and as a resul t  of the condensation of the vapors due t o  the decampoal- 
t ion of the oi l ,  white fumes are observed d m s t r e m  of the o i l  &posil, 
Their concentration increases and they spontaneously ignite, r e su l thg  
i n  a sba* flame being established downsbeam of the o i l  deposit, 

The c r i t i c a l  temperature &' is  naturaUy dependent on the pwa- 
me2;ers which define the operating conditions, We recorded the f o U  
values : 

1% degrees-prith a f l a w  of oxygen a t  a speed of 1 cm/sec t h o u g h  
a 3Sm-in-diamster horizontal tube 8vhich, over a length of 20 m and 
f u l l  cross section, contained 0.3 m fe r r i c  hydrate grains -regnatad 
vvlth 15% by weight of D virgin oil ;  

160 degees-~5th the fe r r ic  hydrate grains replaced by gratns sf 
rw L; 



180 degrees-~thout catalyst, Prith the use of deposits c o l l e c t ~ d  
from the two exhaust valves of the Courrieres compressor; 

300 degrees-v;ith the use of virgin D 15 o i l  deposi&d on s i u c a  
grains. 

Thus it was established tha t  the passage of a flow of q g e n  a% 
atmospheric pressure through a mass of rus t  impregnated ~ t l a  c~>mpre~sor 
oil ,  may, i f  i ts temperature reaches a value of the order of 150 t o  160 
degrees : 

--raise the temperature of the o i l  deposit to  a level  which is 
de f in ib ly  higher t h a  tha t  of the oqgen flow; 

-or create co&ustible vapors; when the i r  coneenkation reaches 
a sufficiently high level, they ignite. Their ignition may be caused 
by the support of the deposit. 

Obviously, the first phenomenon i s  due t o  an exothemc oxi&%ion 
reaction; it occurs when the qumti ty  of heat given off i s  such tha t  It 
cannot be entirely removed by the convection of the gas flow, 

The second phenomenon i s  probably the resul t  of c r a c m g  reactions 
wuch create products l ighter  than oil ;  it occurs when the t e q e r a t w e  o f  
the o i l  deposit i s  sufficiently elevated by its own oxidation. The 
mechanism of these reactions is  not u n k n m  to us and the e q e r i m n t s  
were not made with the objective of i ts dete&nation. 

The operatbg conditions of this f i r s t  series of t e s t s  affsr 
notably from reafity, 

In p a r e c u h :  
1) A flavr of owgen a t  atmospheric pressure was used, As a 

first amrocximation, we my estirnate tha t  %he phenomena i n  a i r  are 
deteMned by the pa r t i a l  pressure of oxygen, and that  an anahgo~,llrs 
resul t  would have been obtained with air a t  a pressure of 5 kg, a 
pressure close t o  and even a U t t l e  below that  i n  a conrpressed a i r  con- 
duit  not f a r  from the compressor. Homver, this appr 
exact, because of the calorific capacity of nitrogen. 

2) The apparatus i s  favorable to  an increase i n  the tempera%ma 
of the o i l  deposit. In fact, the &posit i s  plunged in to  the gaseous 
flow, and can h r d Q  give off heat by any other mems except convection; 
heat t rmsfer  by conduction being negligible. 

Second Experimental Apparatus 

h f lm of air, a t  a affective pressure of 7 kg, r a s e d  t o  a 
temperature T19 travels through an oil-impregnated mass placed i n  an 
enclosure which i s  ntaintained a t  the same temperature TI. The d e @ i l ~  
of tltze operating procedure are shown i n  Figure 2 .  

This apparatus differs  from the first in that it uses air  h s t e a d  
of oxygen and also because of the possibility of much greater gaseous 
flms. It is  possible t o  reach air f l a w  speeds of 5 meters par S B G O E " , ~ ~  

w E c h  i s  the order of magnitude of speeds attained i n  practice. 
Each t e s t  consists of progressively raising the temperal;nn= of 

the o i l  deposit a t  the average rate of 1.5 degrees per e n a t e ,  The 



temperatme of a i r  (TI), and the t ernperatwe of the mass suppor%ing tihe 
o i l  deposit (T2) are measured m i  one degree. Also, the &fference 
T1 - T , i s  masured directly s of two opposhg couples T' and 
T' . 6egular anawses of the has travelled through the aeposit 
a& made. QuaLitatively, the phenomnon i s  analagous t o  tha t  obsamed 
by mans of the first apparatus. 

1) Heating the o i l  deposit. The es of temperatme recorded 
during a t e s t  are of the type indicated i 

The tenperature % , above which T becomes superior t o  T 
corresponds t o  the d e v e l o p n t  of an exoGhezmic reaction. It w% be 
called in abbreviated f o m  "the oxidation thresholda; this does no$ mean 
that  oxidation real ly  starts only a t  t e n r p e r a ~ e ~  , but that  2% i s  
laridden a t  l m e r  temperatures because of the lack of s a n s i t i d t y  of om 
measuring apparatuses and by the transfer of heat by convection, ~f&ch 
tends t o  equalize T1 and T . 

When the velociw o$ air flaw i s  high (2 t o  5 meters/seo) no gap 
appears beween T1 and T2, obvious3y because convection, very h p o r t m t  
a t  these speeds, completely masks the discharge of heat from the oadis-- 
t ion reactions. 

The oxidation threshold, & , is very apparent a t  lm*es speeds, 
The f o l l  values m r e  observed: 

11/% D l 5  o i l  on rus t  2 cra/sec 
I1 

202O 
12.5 c d s e c  17Z" 

15% Ill5 o i l  on f e r r i c  
hydrate 2 cdsec  158-1600 

n 12.5 cm/sec 13 7-&0--&5-16 2-175' 
Deposi.t; collected i n  the 

valve chambers a t  
12.5 cdsec  lSL" 

The lowest oxidation threshold, about lbO degrees, was ab%&ned 
a t  a speed of 12.5 cn/sec with fe r r ic  hydrate. On the amrage, $he 
oxidation threshold i s  l m e r  w i t h  the use of f e r r i c  ate Q a a  ~ Q I  
the use of rust,  It i s  l m e r  a t  a speed of 12.5; cm 
e t h  a speed of 2 cm/sec. Xoreover, since it i s  not perceptYbke f o r  
v e r y  high speeds, it must be concluded that  it attains a mi_nknu~ for 
a cer.t;;ain speed. 

2 1 , The ignition of the gas a f t e r  passing thou.gh %he 
o i l  deposit was observed under &verse conditions, 

a) Vith the air flow constant, ignition i s  s p o n ~ e o r s s  as soork 
as the tmperature of t-le air f l m  TI reaches a certain Ed% @ 

b) The air  f l a w  -npratwe,  having reached a certain value 'TI 
without any observed ignition, the f l o w  f s sudden& s toppa Gm ignf tion 
i s  imediately produced if TI i s  higher than a certain X d t  



c) The air f lm tewerature having reached a certain value 
T l  ~ t h o u t  any observed ignition, the flow is  suddenly stopped, The 
temperature of the deposit increases rapidly, Then f lm is  ra-ostabltshsd; 
ignition occurs immediately after, provided that TI i s  Eghes Lhm a 
certain Emit c3 . The table belm condenses the data ob-ked (-the 
values of @% are only higher limits d e t e m e d  by t r i a l  and. error), 

Operation Wra%ion Weraaon 

11.5% D S  o i l  on rus t  2 cm/sec - 23 7' - 
11 12.5 cm/sec - 2280 2070 
I 1  500 em/sec 7 250° 250-.2&~ - 

15% D l 5  o i l  on fe r r ic  
ate 170-180' -.. - 

107-1970 2220 155-:L5 70 
~l 7 250° 26223"  - 

of this table evokes the f o n m  
and uninterrmpted flaw we mere 
procedure a))  despite the fac t  
his is  probabq because the vapors produced bz~ 

the cracung of the o i l  became diluted by the a i r  f lm such sat %he 
lower ignition p i n k  cannot be reached, Hoopever, if the f l ag  i s  s%ugpd3 
i o d t i o n  i s  observed a t  temperatures i n  the neighborhood of 2000 
(procedure b) ) . 

2) V f i t h  an m~- t a r rup t ed  flow, the ignition point Is lmersd as 
the flaw is  decreased. 

3) The operating conations which briag about the mes-l;, i ~ i t i o n  
temperatme are those which consist i n  stopping the f l a w  a short t h e  
af te r  oxidation begins and r e  lishing it imediately aPLer (m 
hterrupt ion of less  than one te). With these condiLions, i p i % i o n  
was obMned be.tween 151 degr d 157 degrees wL%h oil-soalred farri.e 
bdra te ,  

These obsemations are in agreement d t h  the nechanism a:bea&; 
describsd i n  %he previous paragraph, In order that  i ~ i t i o n  be dtained,  
k o  conditions are necessary: 

1) The temperature of the o i l  deposit must be high enoelz f o r  
craeXring reactions t o  develop and thus produce cornbustiblt3 vapors, Far 
a given air-flow bmperatwe, the greater the speed of maceon and $he 
lass heat released by the deposit, the higher the oil-deposit %anpera+#ure 
w i l l  be, Since an increase i n  a i r  flow increases both the sped of 
reaction and the quanti*~ of heat renowd by convection s j imu~tms~us ly~  
we can see that the oil-deposit temrperature w i l l  have a for a 
certain value of the air f l a w ,  



2) The concentration of combustible vapors in the a&r aust 
reach the l m e r  l i m i t  of ignition; fo r  a given oil-deposit tenperabme, 
this concen.t;ration varies inversely with the a i r  flov, men the wil- 
deposit temperatme has reached a sufficiently high level  t o  al lm %he 
decomposition of the deposit, a reduction in  flm-better s u l k ,  a 
sudden stopping of the flow-provokes the formation of an inf 

The operatbg conditims realized by this second experimenLaI 
apparatus are st i l l  quite different from the practice by the %act %ha% 
the air f l m  travels through the o i l  deposit, ~ i l e  i n  a conduLt or  
resesvolr the o i l  deposit covers onlythe  inner w Thus i f  o w  
exper.liments enable us t o  obtain an idea of the me sxa much creates 
the ignition, the l i m d t  ignition tsmprature obtained from these tests 
cannot be applied i n  practice ~ t h o u t  precautions, We ma;y 'cl?i& % h L  
our operating conditkons are more severe than those in Wls practice 
because, on the me hand, the heat released by the o ~ d a t f o n  of %he o i l  
can be transferred only by convection and no% by conduction, whdch 
favors an increase i n  temperature. And because, on the other had, 
the contact area be-men Vne o i l  deposit and the a i r  i s  large, md 
this i s  conducive to a high concentration of combustible vapors, 
Inverssly, hmever, we have not exhausted a l l  the imaginable me%bods 
of' operation. Notably, it i s  possible t h  r ta in  Laws of var&a%ion 
of flow as a function of time, or that  ce o i l  deposits b v h g  aged 
under pasticular conditions, are conducivs to  lowe tion L ~ q a g r a ~ w e s ,  
Thus it seems w3se to  consider 150 degrees as the ng temperatma 
above wfich ignition i s  possible. 

From October 1949 to  J m u q  1951, in liaison 'with tihe Nord 
Pas-ds-Galais coalbasin, we obsemed the operation of a coqrssaor 
ident2cal t o  tha t  of Station 4 a t  Courrieres (Dujardin c.veD,6, bW 
ch.), but locatad in the neighborfng pi t ,  

The maswements consisted in recording the flaw, the presswe, 
and t enp ra twe  a% different points i n  the a i r  circuit,  from %he h%ake 
of the lav-pressure cylinder t o  the discharge of the high-pressme 
c yEnder . 

The pressare taps Po, PI, Pp, Pg, P4, and the location o f  the 
tbemoelectric couples 61, C2, C3, Cb, 65, C6, C7, C8, are shagvn in 
Figure 4, Pressure and flaw measwements, f o r  which no par t i eu lu  

s r e q ~ r e d ,  were made by mans of standarrd ins  n t s  
recorders). However, the tenrpera*e measure deseme 

some c o m n t ,  



Ckromel-alwel themoelectfic couples were used and ins*Ued 
as indicated i n  Figure 5:  

Diagrm A: Vypical couple detail.'" 
Diagrssl B: ft'Installation on a cylinder enabling temperatwe 

measupemnts near a valve .tf 
Diagram C: " h s t a l h t i o n  on a conduit enabfing te~era6 ;6 ;we  

masurements a t  i t s  center. tf 
These instal lat ions permit Lernperature measurements a t  a precLse 

point. Noreover, the perforated copper tube which encircles "skes cable 
sheath shields the cable from radiation f walls while 
flow of gas around the couple. The very ted importance of ra&a%ion 
a M h e  temperatures in which we are in ter  s S U P ~ ~ ~ ~ U Q U S  use 
of a more accurats bu% more complicated such as a p ~ o m @ % ~ r ,  

The signals from. the thermocoupl d to  an @igh$..$r&m@h 
potentiometer Pvrjith automatic cold solder coqensation. The eomec%ions 
from the couples t o  the recorders are entirely made of coqensatbg wire ,  
thus providing an accuracy of the order of one degree, 

The mandactussr shed the compressor with three "cermome%ersr 
T3, located respectively on the exhaust pipe of the high-prsswe 

and a t  the entrance and ex i t  of the r e f r i ge ra% (see F i w s  b), 
Each one consists of a mercury themoneter placed i n  con-he% ~ % h  the 
m t a l  wall e t h o u t  regard fo r  any particular pcautions . Thus t h e  
readjLngs are inaccurate because of heat transfer by the wall, both bg 
r aaa t i on  and conduction, and also because the a i r  tenrperatwe i s  Mgher 
a t  the center of the cross section than near the walls. In fact, $he 
themoaaeters T T2, and T always registered values l m e r  than those 
indicated by ti: couples close to them. The difference reached 28 
degrees i n  the exhaust pipe (couple C7 and thermometer T1). 





The t e v r a t m e  of the exhaust a i r  i s  subject to o s c i l h t "  ions 
-which are due to reservoir pressure varia%ions M c h ,  i n  turn, w e  due 
Lo the changing conqsressed-air requirement. Table 1 gives an exmple 
of these variations. The difference between the extreme values of %he 
hi&-pressure exhaust never exceeded 10 degrees fo r  pressuE vzlrj-ati o~ns 
of less  than 0.35 kg (that is, 7$), 

Noreovsr, the "vacuum operationm phases are ed by mdden &-id 
ephemeral temperature variations, which are very charact;eristic (F 
6). Vacum operating conditions are generally obtained (and th i s  
fo r  the obsemed conrpressor) by closure of the lmr-pressure k%ake by 
mans of a relay valve which operates as  som as  the general e&aust 
pressure reaches a certain value; the low-pressure cy%der i s  %hen a t  
a prassme lmer  than a.tanospherie, the high-pressure cyJinder rexrerts 
t o  atmospheric pressure by means of an e q u i l i b r i a  vaiLve con+sohled bg 
the pressure in the lm-pressure cylinder. 

A t  the very beg g of negative gauge pressure opemtion, the 
exhaust a i r  telnperature (high pressure a s  well  a s  low pressure) decreases 
suddenly a t  f i r s t  and Ulen more s lmly,  However, the intake air  tawera- 
Lure (high pressure and low pressure) increases; increases of' f ram 20 
degrees t o  40 degrees have been observed, 

When negative gauge pressure ope ra t i a  ceases, tlas intake %@mpera- 
Lure decreases and rapidly reaches the value it had prior t o  vacum 
operation. The exhaust temperature increases very rapidly armd a$ttabs 
for  a hort period of t h e  a value exceeding thaL which it had pri.or t o  
vacuum operation, and then progressively tends toward i ts  i n i t i a l  v a l ~ ~ e ,  
The observed increase in temperature m y  be of the order of Len to  
f i f teen &grass 6. 

The explanation of t h i s  phenomenon seem t o  be the f a 

during so-called vacum operation, the a i r  no longer flaws Y 
from the intake to  the exhzust. Rather, it i s  s t i r red up or b&:feted 
around inside the cylirJlders, which tends to  decrease the .tempsatme 
gap be-bwsen the intake end and exhaust end of the compressor, This 
explains the r d s i n g  of the temperature a t  the intake end, TJhe12 %ha 
conrpressor i s  put back into operation, the a i r  taken in i s  rd sed  by 
the val ls  of the cornpressor to  a teqeraturs  which i s  higher them i t s  

3, value; the quasi-adi-abatic conrpression to which the d r  i s  sub-- 
jected thus also raises i t s  exhaust temperature t o  a higher value than 

1 exhaust temperature. 

6, Teqerature Variat2ons Over a Long Period 

h i t i a n y  (in October 1949) the cylinders and valves were per- 
f e c t b  clean, However, according t o  the engineers irz charge o f  i k s  
maintenance, the f l a w  of refrigeration waeer was i n se f i c i en t e  



A t  the low-pressure exhaust (couple No, 3), an average d;empsra- 
ture of lkS degrees was recorded d t h  rare peaks a t  155 degrees; and 
a t  the figh pressure exhaust, an average temperatme of 131 kgrses, 
vrith a few peaks a t  a3 degrees. The average effective pre8slss.s was 
5.5 kge 

Dmng the month of April 1950, these tsnrperaturss pogressiveL3r 
increased; by the end of April they had reached an average of 155 
degrees a t  the lm-pressure end and degrees a t  the high-pressme 
end. Peaks h excess of GO degrees were frequent& obsemed a t  the 
~gh-p re s swe  end; in partic , tBlB tsrnperatuse r e  
degrees f o r  one b u r  and fif*en ~ n u t s s ,  wHle dur5ng the s;a91~ pried 
the Lenrperatuse a t  the lw-pressure end established i t s e l f  ad 159 
degrees. 

A complete overhaul of the cornpressor and a cleaning of dl= 
refpigerantap-sre made i n  May 1950, After this the average temmra%ues 
f e l l  back t o  120 depees a t  the high-pressure exhaust and a.O degrees 
a t  the latrp-pmssuse exhaust, They were still  of the  same order in 
Januar~r 1951. 

A f m  t e s t s  during wMch the effective pressure a t  the e*ust 
was raised t o  7 kg, brought about temperatuses of 154 md I60 dewses 
a t  the 1m-pressure and Hgh-presswe exhausts r e s p e c ~ v e b ,  durtng a 
period when the observed temperatures a t  a pressure of 5.5 kg were &G 
degrees respectively, 

D, Analysis of the Deposit Collectad i n  the Exhaust T'ipag 

A sarnple of the deposit coverbg the interior  surface OX %he 
czxhaust p iphg  ( a t  2.50 meters from the compressor) was subjeeded %o in 

fractionated dissolution, the solid residue being subsequently fncin- 
eraled, The f o U W n g  result  was obtahed: 

--35% soluble in standard hexme; these consist of unadul%eraled 
oils; 

--6,5% insoluble i n  hexane but soluble i n  benzene; Ulsse rese1!1131e 
asphaltines wMch resul t  from the par t i a l  oxidation of oi l ;  

--37.1$ insoluble in both hexane and bensene; a f te r  L r m s f o m -  
tion t o  gaseous products by incineration, these consist of 0rgad.c 
rnatter wfich is  the resu l t  of an adulteration of the o i l  and, eveatmUy9 
of combustible dusts; 

--the reminder, tha t  is, 20.8%~ is  a solid resiclus and beom- 
bustible; it consists fo r  the most part of iron oxides (6W ferric 
oxide, 5,2$ s i l ica ,  and h$ a a) 

Thus these deposits consist of a mixture of dusts, mst, a d  oil.) 
the greater part  of which has been transformed in to  heavier praduc-%s, 

IV, PROPAGB.TION OF 1W aPLOSION IN A COWmSSED AIR CONDUIT 

In the l a s t  par t  of this study, it was aur in-nt to kves%iga% 
the conditions mder wMch an explosim could develop i n  a eonddtwldch 



i s  capable of producing mechanical effects  s~~ to  those obsemed as 
a result  of the Bethune and Coursieres accidents, It must be reane&sssd 
tha t  the l a t t e r  were characterized by the mpture of the conduit ad 
several polin- distributsd over a great length, which case requires %hat 
a pressure wave be propagated a t  a speed higher than the s p e d  s f  somd, 

First ,  vvcs supposed that  such a phenomnon could not OGCW mless 
the conddt had been previously f i t t e d  ~ & t h  an in f  ble gassoas rix- 
Lure; our experiments rapidly demonstraLed that  under these ~on&%ions 
the mechanical results  were effectively of the same order as  those which 
were observed a t  Courrieres and B e m e .  

Later it was suggested that  an i n i t i a l  formation of a gaseous 
Lure i n  the conduit might not be necessary fo r  the propagation of %he 

explosion, and t h a t  the existence of a very thin deposit rmight s d f i c a ,  
This was ascertained i n  a new series of experirneni;s, 

Momover, on the day of the accident a t  Bethune another mo%hesis 
-as advancod, viz ,, that  the  explosion might have been caused by the 
detonation of an explosive charge a% a short distance fron tlae eonpressed 
a i r  conduit, In fact,  vre obsemed on the  conduit in questiosa deform%iona 
whose characteristics could have been ex ed by this mo"cla.esls, In 
order t o  invesagate grounds fo r  such an thesis, it was assmed b11ad 
the conduit had been in i t i a l l y  f i l l e d  with an id1 l e  gaseous ~x%ure. 

Final- we investigated the possibility of stopping an axplosion 
i n  a c o n d ~ t  by means of a f h e - c u t t i n g  apparatus consisSng 02 a sLaek 
or" small plates anahgous to  those used on Diesel locomotives. 

A l l  of these expesimen'cs were made with compessed-a5r cond&-ts 
of a standard t;ype r 250-ml-in-dianaster pipe with a 7-mm wall tl~iclrere:rs, 
furmished by the Nord Pas-de-Calais pit .  

In the course of the f i r s t  experimen-l;, a b~-rn@ter-long conduit 
was f i l l e d  w i t h  the a i r  C methaxle stoeckiometric are  a% a presst-ze 
of 7 kg, An elec ed a t  one end of the e o n d ~ t  pro- 
vides fo r  the i n f  ture. The exclosion was accompmied 
by considerable mecharrical consequences: the conduit was brokea a"6the 
welding of the assembly couplings, or was manifested by a l a r g e  fiss111~e 
i n  the wall, With the w a l l  l i t e r a l l y  cut in to  lacelike patte~"r]ls, G s ~ ~ b  
pieces of piping were tmom over a great distance. 

The experiment %as repeated several times during the study mn--. 
tloned i n  paragraph C, but with a i r  4- hydrogen mixtuses, S i d l w  
msc-ical eonseqmnces were obtained every tine, 

Thus it i s  determined t h a t  a detonating flmv, or a t  least one 
intermediate beween a def lagrating f l a w  and a detona-bbrmg; f lm, my Isit 

estabEshed i n  a sure of a i r  and mthane or hydrogen under pmsst~re~ 
This detonating flaw i s  capable of causing the rupture of a eond~e t  a% 
several points distributed over a certain length, 



B e  

Gaseous Yf? ;ure  

1)  . A conduit of length L is f illsd ivi%h 
a i r  a t  a p e r  surface is covered with a eombustibla 
deposit whose nature varies  from one t e s t  t o  the next. The eond&b i s  
extended by an Ignition chamber which consists of a 4-neter-long piece 
of c o n d ~ t  f i l l e d  with an in r f lmab le  gaseous mixture, a t  a pressure o f  
7 kg. The conduit i t s e l f  and the  igni t ion chamber are separi?:*d by a 
kunger i t e  membrane; they are s i d . t , a n e o u s ~  pressurized, thus per&%tlng 
the use of a very th in  m e  which would no% witl~stand the pressure 
of 6 kg, Ignition i s  o ed by means of a spark plug. IVires are 
s t r e k h e d  across the c a t  several points, and eomeebd %o e l s c - b ~ i c  
c i r e a t s ,  thus enabling the recording of the displacement of %he presswe 
wave. 

The e w r b e n t s  wMch were carr ied out are  s ized i n  Table 11, 
In t e s t s  1 and 2, the gaseous mixtwe f i l E n g  the i g ~ t i o x ~  chamber 

eonsistetd of the stosefiometric rnixtwe a i r  + methane, For alb the other 
t e s t s ,  a mixture enriched with oxygen was used (25% 02, 12.5% CHh, 63.54: 
N2) ,  in order t o  make the i n i t i a l  cause of igni t ion more violent,  

The o i l  used t o  acture the deposit was D l 5  oi l ,  wueh i s  
eustonnarily used f o r  h b ~ e a t i n g  the eoIsrpressors, Ln t e s t s  6 ,  7 ,  8, md 
9 it was arranged i n  elongated nacelles rest ing on the bo"i;lonz o f  the 
conddt.  In t e s t s  2, 3, 10, and ll it was spread over the  entire hnt3a" 
surf ace of the conduit. 

2) Test resuXts, These are b r i e f ly  s a d z e d  i n  Table If, The 
table  evokes the  follo*ng cements: 

1 No deposit 
2 O i l  and h q b l a c k  

3 O i l  and lampblaelc 

No deposit 
No deposit 
30 grarns of o i l  per 

rne t e r  
7 30 grms of o i l  per 

meLer 

95 Notrng 
95 ing of the  deposit over a l a ~ g t h  

of meters, No meehaulical eonse-- 
quenee s , 

95 Explosion over Wle ent i re  jie.ng%h, 
Very violent  mch&cal c onseq~~enees ds 

35 No thing 
35 

of o i l  along 1C) mters, No 
70 hanical consequances, 

g of 051 along l j  m%srs, Only 
'70 one conduIt f issure,  occurring "in 

the neighborhood of the igni%iojz 
chanibsr , 



8 60 grms of o i l  per 
m t e r  60 

9 60 gram of o i l  per 
rneter 50 

10 180 graxas of o i l  per 
aaewr 50 

I1 180 grams of o i l  per 
meter 115 

Explosion over the entire langGb, 
Violent mechanical consq,uaiences, 

ing of o i l  along 15; ne$ers, 
Only one conduit f i s u e ,  o @ c m r h g  

neiglborhood of the i @ i % i o ~  

Explosion over tb entire 1eng5&11* 
Very violent mechmica2 eonssqueng;:ese 

Explosion over the entire Isngt11, 
Very violent nechmical cmsequencas, 

1, In the absence of a coaust ib le  deposit on the i m e r  smfaes 
of the c a w % ,  the mchanical consequences of the explosion o f  -$& gas- 

t w e  wMch f i l l s  the i p i t i o n  c a b e r  are imperceptible (tests 
1, h, 5). E ~ d e x l t u  this result  was t o  be expected, brat it seemed 
necessary t o  make this verification i n  order t o  validate a31 " c h e  other 
t e s t s ,  

2, Tests 3, 8, 10, ll produced the propagation of a f h e  wer 
the entire leqVn of the conduit, This i s  a resul t  of tvo obsg;ma%iox~s: 

--On the one hand, the o i l  deposit disappeared over the eaLIre 
conduit lclagth to  be replaced by a deposit of soot; 

-On the o a e r  hand, flames were observed a t  the a f f e r e n t  
points of c o n d ~ t  f issure d especially a t  the and opposite %he i g ~ b % % o ~ ~  
c h m e r ,  breover, the f s were immediately followed by a %hick cloud 
of black smolrs consisting 

3. The mechanical &age observed during tes t s  No, 3, 8, 10, a d  
11 included rupture of the conduit a t  several points, the blotdng away 02 
th8 bottom, and, i n  certzin cases, the rupture of several prts of the 
conduit, The diagran of Figure 7 (relative t o  test No, 3) and %he phubos 
of Figures 8, 9, 10, and ll (relative to  tssts Mo, 8 and No, 16) prod-de 
an idea of the nature and intensity of the mechanical damage obsemed, 
The damage i s  qualitative* analagous to  tha t  observed d m h g  $318 
explosion of the gaseous &%we, but more violent, 

h. In t e s t  No, 3, a deposit of soot was supe~osed  on the oZl 
layer i n  order t o  provide conditions vvhich were as dangerous a s  possible 
a t  the very begming of the series of tests .  Later t es t s  showed &atr it 
was not neeesswjr to  have soot i n  the conduit t o  produce a detana%fon 
over the eaLire lcngtn of the conduit. In particular, the c o n d ~ ~ i t s  used 
i n  t es t s  10 and U. m r e  thoroughly clemed, psi.or t o  the tests ,  i n  order 
Lo remme any traces of soot from previous tests .  

5. 321 t e s t s  7 and 9, the o i l  was burned over a ted leng%h 
only, Also, the conduit was broken a t  one place only, i n  the im~edia$be 
~ c i n i t y  of the ignition chamber. Because of the eqausion caused by 
the ruptwe of Vne conduit, it i s  possible tha t  this last phenomenon is 
Lhs cause of the f i r s t .  It may ?XI obseaged tha t  i n  t e s t s  8, 10, and 11, 
the rupture closest t o  the ignition chamber i s  about 15 meters  way f ram ita, 



I-n t e s t  No, 3, the conduit was broken a t  seven different pok"Gs, ons 
of wueh was i n  the immediate vicinity of the ignition chmber', Howevers 
we my reason that, the combustible deposit being a h d a n t ,  the effect of 
an expansfon was not sufficient t o  slow d m  an already violent cod>ustion, 

6. Witm the M t s  of the deposits experimented with, i$ can be 
said that the nore abundant the deposit, the greater the chmces for m 
explosion of the conduit, It mst be noted, hawever, t ha t  a deposit of 
180 gram per meMr of conduit i s  s t i l l  very thin; it corresponds t o  an 
werage thickness of 3/10 of a miUbeter .  The 30 g/m deposit csrrss-- 
p a d s  approximalely t o  the stoechiometric &twe of a i r  and oi l ,  

7, When t tare of the ignition chamber consisted 
of an air-aethane me, no canduit explosian was observed, A l l  the  
obsemed explosions occurred with an owgen-enriched 
t m e  that  t h i s  information i s  based on a single t e s t  
it seems t o  be well enough established, because the combustible deposit 
used i n  t h i s  t e s t  was identical t o  that  of t e s t  No, 3, during w a e h  an 
extremely ~ o l e n t  explosion was obsemed, 

The f ac t  that  an owgen-enriched w e  was used i n  the igni t ion 
chamber t o  s t a r t  the eqlosions i n  the conddt, in no way depreciabes 
the generauty of this phenomenon and certainly does not exclude the 
possibilrity tha t  an explosion e m  just as  well occur i n  a real. conduit 
where the a i r  i s  not enriched with q g e n .  In fact,  an equaU,y ~ o l e m  
explosi d have been obtahed by f i l l i ng  the ignition clilazmgaer v&%h 
an inf tuse, vsithout the addition of oxygen, p r o ~ d e d  %he 

ignition chamber was long enough; the experbents described i n  paragraph 
A seem sufficient to  support this argument. We did not try t o  verify 
t'ds expsrimntally, because an increase i n  the length of the i p i t S 0 1 1  
chaber  would have forced us t o  lengthen proportionately t k  conduit 
itseLf, i n  order t o  limit relat ively the proportion of condtxit subjected 
t o  the direct  consequences of the explosion of the gaseous 
keep an appreciable length of conduit i n  which the propaga 
combustion of the o i l  deposit could be obsemed "in the p u e  fe:n~,!~ 

The data on the speed of the pressure wave led t o  the f01~1o~dng 
observations: 

1, In  the t e s t s  where the conduit exhibited only one fissme 
near the i p i t i o n  chamber ( t es t s  7 and 9) ,  a t  f i r s t  the speed of %he 
wave (300 to  400 d s e c  a t  the entrance of the conduit) increases 
rapidly, It reaches a of about 800 to  1,000 d s e c  a, f e w  me$ers 
domstream of the combustion chaber, and then decreases. 1% i s  nLa more 
than 200 to  400 mlsec a t  the end of the c o n d ~ t  . 

2, In the t e s t s  where ruptures were obsemed a t  several pain-bs 
on the conduit ( t es t s  8, LO, l l ) ,  the wave travelled a t  a rapidly 
increasing rate of speed t o  reach approxima%ly 1,200 d s e c  and reaahed 
a% tha t  speed a l l  the way t o  the end of the conduit. 

These t e s t s  prove that, when the i n i t i a l  ignition is  ~olenL 
enough, a pressure and conibustion wave can be maintained and psopaga%e:d 
a t  a speed i n  the neighborhood of 1,200 m/sec i n  a conduit whose im~ar* 



o i l  deposit and i n  which there i s  no 
e gaseous e t w e .  

T h i s  phenomenon can be cowwed t o  &as% 
exp~osions. In fact ,  our opera thg  procedure i s  d s f M b l ; r  malogous 
t o  that; used in the dust adits of t e s t  s b t i o n s ,  wMch i s  generally the 
f oU&ng : 

Coal dust i s  deposikd on the wal l  of an adit, A t  i"c end, in 
ars ign chamber separated from Lh;e a d i t  by a sinple sheel; of paper, 
an b f  t m e  i s  prepared, The explosion of the rh-. 
t w e  causes the igTlLition of the dust wuch can be propagated along $he 
en t i r e  length of the  adit, 

The ntsehanism of dust explosions is well hm, a t  l e a s t  h a 
era1  way, The pressure wave caused by the explosion of the gaseoue 
%we rtaiises the dust from the walls of the a&t, thus crsaGfng a 

%bough wMch t h e  f M e  can. be propagated. The f h e ,  i n  turn,  
i s  t;he origin of a presswe wave preceeding it so t h a t  there  i s  always 
a c l o d  of ra ised  dust, before it, thus enab%g i ts  propagation in %he 
s a e  aaay as a f i n  a gaseous medium. 

Womver, %he transposition of this explanation t o  %he case 
before us cannot be mads d t h o u t  some caution, 

I n  fact ,  we3 must ' passage of a p r e s m e  wave can 
generate, behlnd it, an ture hi wMch the f h e  i@m travel,  

The consecutive a r  o the passage of the pessure 
warn, a re  defidtelg-  kcapable of creating a suspension of o i l  from a 
%in f i lm of a fm tenths of a m i l l i a e b r  depositRd on the W e s  swfacs  
of a c o n d ~ t ,  Xmever, the passage of the wave i s  acco~nrpanied by an 
increase 3x1 temperature arhich m y  bring about the vaporization of %he 
0 .  The more violent the wave, the  more ilnpressive w i l l  be %he increase 
i n  t eqe ra tu re .  It i s  only 66 degrees f o r  a wave trave a t  b60 
m/see. (The r a t i o  of mve f ront  pressure t o  i n i t i a l  pr  e i s  equal 
t o  2.) It reaches L61 degrees f o r  a wave t ravel l ing a t  1,000 m,/see, 
(me  r a t i o  of wave f ron t  pmssure t o  i n i t i a l  pressure i s  equal to 10,) 
A w t l z i i s  temperature the vaporization of o i l  nust  be rapid; moreover, tho  
o i l  vapors are  capable of spontaneous ignition. Thus it i s  probable 
t h a t  the propagation of the combustion of the  o i l  i s  not frora one pbt 
t o  the next, each portion igni t ing the  next by- conduction, radiationJ 
or  djlffusion, a s  i n  a gaseous deflagration or  a dusL explosion, but 
ra thsr  l i k e  a dsMnation ia a gaseous me~m caused by an berease i n  
temperiatme due to  the  passage of the  shoekwave. Eimrever, t h i s  mch- 
= i s m  cljLffers from a detonation i n  a gaseous med imin thaL ,  in t h i s  
ease, the temperatme increase performs toPo fmctions: first, f n s t i g a t h g  
the vaporization of the  o i l ,  and then igni t ing the  o i l  vapors, 

A t  first glance it seems surprising t h a t  the  va z a L i s ~ ~  of the  
o i l  proceeds so rapidly tkrznt ii can feed a f l a 8  %rave 
Mgh rilf;e of speed. In this respect, we can make the dwo fohasslkalng 
remarks : 

--.on the one hmd, since the vaporization of the o i l  i s  isnle&aLely 
PoPlmed by its i ~ i t i o n ,  the bmpsratme of the deposit bcreases 



rapidly above that caused by the passage of the shock wave; we can cm- 
ceive that vaporization m i l l  proceed extremely rapidly, 

--on the other hand, it is not essential to  suppose that  the 
flame front is  very near the pressure wave front (for the detonation of 
a gasems mixture, these two fronts coincide): the mccessive pressure 
increases, and the ensuing ignition of new layers of combustible material 
are capable of maintaining a shock wave, even i f  it is  located a certain 
dfstance forward. Thus a certain delay m y  elapse between the passage 
of the pressure wave and ignition, which also may be progressive. 

The starting of the explosion i n  the conduit no doubt causes the 
interference of other phenomena. In fact, the speed of the shock wave 
generated by the explosian of the gaseous mixture i n  the ignition 
chamber i s  only 400 m/sec. The resultant increase i n  temperature (600) 
seems insuffioient to  induce a rapid vaporization of the oil. H m e r ,  
the increase in temperature due t o  the contact of the hot smoke pro- 
duced by the explosion i s  definitely added to the abwe-mntioned increase. 

C. Detonation of an Ekplosive i n  the Vicinity of a Conduit Filled W i t h  
Bn I n f h a b l e  Gaseous ~t~ 

1) Operating procedure, The erperimental apparatus is the 
following: a 40-mste14mg conduit, closed a t  both ends, i s  f i l l ed  
with a gaseous mixture compressed t o  a pressure of 7 kg and consisting, 
for most of the tests, of a mixture of hydrogen and a i r  with 30% wdro- 
gen. The first tests, made with the s toechiome~c air + mthane mix- 
ture, yielded no positive results; thus we thought of increasing the 
severity of the tests by substituting hy-drogen for  methane. 

An explosive charge i s  set off in  the vicinity o f t h e  conduit. 
The weight of this charge and its distance from the conduit were chosen 
i n  such a way as t o  produce on the conduit a dent 60 to  80 cm lang and 
10 to  12 cm deep (that is, l.2 t o  1.5 kg of dynamite-gum 10 cm from the 
conduit). 

2) Test results. The effect of the charge varied from one t e s t  
to  the next, due t o  the unequal resistance of the different apes. Some 
tests yielded dents which were extremely difficult to  perceive, while 
others caused the breaking of the pipes i n  the immediate vicinity of the 
charge. Thus a large number of tes t s  are insignificant. 

Table 111 mmarizes the tes t s  i n  which the dent on the conduit 
was very conspicuous. Explosion of the gaseous mixture trapped in the 
conduit did not occur in any of the other tests. 



Test Length Weight Distance Action of blastSng Test results 
No. of of of the on eondui& 

conduit explosive explosive 
(la) charge charge 

(kg) ( 4  

10500 15 Dent: 0.62 x 0.21 x 0.15 No ignition 
n 6 Dent: 0.38 x 0.21 x 0.15 No ignition 
n 10 Dent: O , ~ O  x 0.20 x O e 1 0  Ignitian 
(1 8 Dent: 0.61 x 0.20 x 0,lk Ignition 

A t  the bottom of the 
dent, a fissure 1 mm wide 
by 20 nnn long. 

15 0.40-mter-long tear i n  I m t i o n  
the conduit facing the 
explosim 

10 25-mede by 52-cm-lag 1gmiom 
tiear i n  the conduit. 

8 Dent: 0.60 x 0.20, Ignition 
Transverse break in 
front of the charge 
over 3/lt of the circum- 
f erence 

The ignitions observed during tests 4, 5,  6, and 7, in which the 
ccmduit was opened up by the blast of the explosives, are easily explained 
and provide no new information. Only the f i r s t  three tests are of 
interest, Only one of them, $esp No. 3, led to  the explosion of the 
conduit, 

This result seems very strange t o  us. We have no cause t o  doubt 
it, butwe were unable t o  repeat it. A total  of twenty tests  were made, 
of which only a s m a l l  number are significant for the reasons outlined 
above. 

It would be m s e  t o  build an elaborate theory t o  explain this 
unique ignition. One might think of ignition by shock wave, butthe 
shock wave generated by the detonation of the explosion must be 
attenuated by i ts passage through the conduit. The most pro-bable hypo- 
thesis seems t o  be the following: due t o  the detonation of the explosive, 
the conduit i s  subjected t o  a very sudden deformation; tbis is  acccmganied 
by a temporarg, and probably very local, increase in temperature, but 
one sufficient to  ignite the gaseous mixture. We do not know the tenrpera- 
ture which the inner surface of the conduit must reach to  cause ignition 
of the stoechiomstric mixture hydrogen + air a t  a pressure of 7 kg. In 
a uniformly heated enclosure, the ignition temperature of hydrogen under 



a pressure of 7 kg i s  of the order of k6o0, h m v e r ,  in the case o f  
locaEzed heating of the wall, the temperature i s  ce r t a in l z  M ~ h e r ,  
Moreover, we have no idea of the  temperature which the wal l  my attain 
*en subjected t o  a sudcien deformation; thus t h i s  explanaaon i s  
&forded d t h  a l l  possible resemations. 

We did not pussue this experiment, a s  it assunms 'that the  con- 
du i t  i s  f i l l e d  with an i n f l m a b l e  gaseous mixture pr ior  t o  the -best, 
a c o n a t i o n  t h a t  i s  very d i f f i c u l t  t o  admit i n  rea l i ty ,  lloreover, the  
q e r i m e n t s  described i n  paragraph B, which were under taen  i n  the 
meantime, showed tha t  this h$~,othesis  was unnecessary. 

D. Flarne-Gutter Tests 

A t  our direction, the Nord Fas-de-Cahis estabUsIunend c o n d ; % r ~ c ~ d  
a f lam-cut ter  c o n s i s t h g  of a stack of 58 annular plates  ( b t e r n a l  dia- 
meter 270 m, external diameter 670 m) 3 mm thick, and .spaced a t  0,s 
m (Figure 12). it was inser ted between a 35-m condd t  sec"co12 and a 
7-m section. Having f i l l e d  the conduit assembly ~ 5 t h  an a i~m-b l~ms  
stoechiomtric  mixturs a t  a pressme of 7 kg, igni t ion is  affected by 
mans of a spark plug located a t  the end of the 35-a sec t im.  A very 
violent  explosion developed i n  Vne e o n h i t ,  the 35-m seeSon was bralalen 
i n  several places, and its pieces were thrown some disi;ance do t b  rear* 
"re casing holding the stack of pla.tc3s was blown from the p h t e s  (a1 
action requiring a force of frorn 800 t o  1,000 tons). The 7--meter 
section, locatad d m s t r e a  of the s tack of plates,  was t h r o ~ m  f o m v ~ d ~  
but the flame did not %ravel through it, T h i s  statemen% i s  based on 
the f a c t  t h a t  the co"cton-2~uPder wjres, stretched across the conduit 
pr ior  t o  the t e s t ,  r e a n e d  intact .  

Thus the  f h e - p a t t e r  proved t o  be affective,  A pr ior i9  %his 
r e s u l t  was not obvious, because stacks of plates, and the  anti-defkgra- 
t ion  jo in ts  i n  general, a re  always tested with a slmr-speed defLagra%ion* 

T h i s  experimsnt does not p e d t  as t o  s t a b  with cert&aLy -$ha-b 
t h i s  f l w - c u l t e r  would have been capable of preventing the propagation 
of an emlosion such a s  tha t  exprienced a t  Cowrieres and Bedhme, for 
"io reasons: 

1) It i s  probable t h a t  t he  explosim propagated i t s e U  in a 
e r  analagous t o  that of the experbents  described i n  paragraph B 

rather  than through a f o m d  gaseous tms, It i s  not cer tain whether 
the  flzme-cutter would exlxibit the s effectiveness t awards thesa two 
d i s t h c t l y  d i f fe rent  mechanisms of propagation. 

2) The normal flow of a i r  i n  a r e a l  compressed-air c a n d d l  5 s  
of the order of a few cubic m t a r s  per second, Thus the explosion %~at rs la  
i n  a gas whose speed i s  of ti3e order of 20 meters per 
effectiveness of the anti-deflagration joiurts i s  thus 

On the other hand, %he effectiveness of the  flane-cukkr would. 
definite* be increased by placing it as  close a s  possible l a  t!?e somce 
of ignition, so t h a t  combustion Nave w i l l  no% have at ta ined t o o  h&gh 



a speed when it reaches the flarns-cutter, In order that  the flame- 
cutter operate effectively, it i s  evident that it must be located down- 
stream of any possible source of ignition, However, it is  probable 
that this source is located i n  the imaaediate vicinity of the compressor, 
and it would no doubt be possible t o  l i m i t  the distance between the 
flame-cutter and the colapressor reservoir t o  approximately 10 meters, 
It is  probable that, despite the reservations stated abuve, a fl;uns- 
cutter similar to  the one tested would have proven effective, 

The inconveniences of a flame-cutter are obvious: other than its 
bulk (about one cubic meter), i ts  weight (one ton), : and i ts  price, it 
causes an appreciable head loss, The flame-cutter which we tested had 
a useful cross section equal to  the cross section o f t h e  conduit. Model 
tes ts  led us t o  estimate the head loss a t  100 g/cm2, that is, one tenth 
of an atmosphere for a f l m  of 8 n?/sec (maswed a t  atmospheric 
pressure), which seems acceptable. However, we might be apprehensive 
that this head loss may increase rapidly, due to  the fouling of the 
plates, The closer the flame-cutter t o  the compressor, the faster the - 

V. CONCWTsIOM 

The experimental data gathered during the course of this study 
may be summarized as follows, 

1, There d s t  deposits, i n  compressed-air conduits, which 
consist essentially of oil, partially altered by oxidation, and t o  which 
are added mineral or combustible dusts and rust. 

2, The o i l  deposit is  oxidised by the action of a f luw of hot 
air, thus creating combustible gaseous products; the reaction can be 
accelerated by certain catalysts, and notably, by rust, If the heat 
given off by the reaction i s  greater than that removed by conduction 
and convection, the temperature of the deposit rmay exceed that of the 
sir flow and the reaction becomes a runaway. 

The two essential factors which determine the devglopmsnt of 
the phenomenon are the temperature of the a i r  and i ts  speed, An 
increase of the fomer accelerates both the speed of reaction and ths 
transfer of heat by convection, For a given air-flm temperature there 
exists a value of the speed a t  which the increase in  temperature of the 
deposit i s  a t  a maximum; w i t h  our apparatus, this optimum value was of 
the order of a few centimeters per second. 

3. By the play of the above reaction, a mjxture of air and 
combustible vapor i s  established in  tbe canduit, the concentraticm of 
wbich depends on the relative &nitale of the air flow an the one hand, 
and the speed- of decomposition of the deposit on the other, N b n t h i s  
cancentration i s  w-ithin the 'liarits of inflarmnability, the gaseous mix- 
ture ignites, either spontaneously or on contact w i t h  the deposit, 

Once again, the two essential factors are  the temperature and 
s@%d of the a i r  or, more precisely, the law of the variation of the 



speed of ths air a s  a function of t-. A stoppage of the air  f l o w  
fo r  a short  time i s  favorable f o r  the  ignition of the  gaseous zLxtm4e, 
Under these conditions, and PirjLth our operating procedure, ipitiosrs was 
obssrved f o r  an air-flow temperature be.tvpeen l47* and 157°0 

4, For a coqressor  in s e m e e ,  operating a t  an average 
effeclive pressure of 5.5 kg/em2, the average temperature of the  
exhausbd a i r  m i n t a b e d  i t s e l f  a t  1310 tvith peaks t o  TPlt3se 
figures r e a ~ h e d  &So and 153* respectively imedia te ly  preee&ng a 
r e ~ s i o n  of the installatj,on, 

A t  the t b e  of res tar t s ,  tDhicb f o l l m  sub-abospheric opssa%Lon 
of short duration, the bmperatwe of the a i r  may exceed i ts  nomal 
level  by 100 t o  150 for  a brief instant. 

5. If we tr igger  the igni t ion of an gaseous 
which i s  enclosed i n  a few meters of conduit surface 
coatsd 7Ria an o i l  f i lm a few tenths of a mi ck, ara explosion 
i s  propagated along the  ent i re  1engt"n of the conduit. Its mechanQcal 
consequences are  sefious and consist, notab*, of the mpi;ure sf +be 
condurit a t  several points over the ent i re  Length, 

Based or, the e x p e r h e n k l  f a c t s  reported above, it i s  probable 
tha t  the  mechanism of the observed explosions is  the fo11odnga 

A f rac t ion  of the 3tubPicating o i l  of the compessor i s  enkrainad 
by exhausted a i r  i n  the form of f ine  droplets, These are  deposited pro- 
gressivelly on %be waUs of the resemoirs,  noezhs,  and c o n d ~ t s  t r s v e u e d  
by the a i r  f lm, thus hpregnating the  r u s t  which has already been coa%sd, 
The far ther  ~ v s  are from the compressors, the l e s s  abundmt %his deposit 
bee omes . 

The a i r  leaves the coqressor  a t  a r e l a t ive ly  h-igh - i ; s m p r a % ~ ~ e ~  
a temperature wMch varies  with the s t a t e  of t h e  ins ta l la t ion  and. %he 
pressure of the compressed a i r ,  Under normal operatbg con&"c.ons, t h o  
o i l  deposits are slowly oxidized, and this has no other conseque~~ce 
except the progressive a l te ra t ion  of the oilvPhich f o m s  them, If the  
t e q e r a t u r e  of the a i r  i s  accidentally irmcreased and i f  t he  a i r  f low 
is s d f i c i e n t l y  small but not n i l ,  the ofidation reactions may Bt~w 
awaythnd the  deposit i s  raised Lo a high tenperatme, W2, i f  the eom- 
bnstible vapors prodwed by the  decomposition of the deposiG are &Hubd 
by an adequate a i r  flow such t h a t  the i r  concentration r e m ~ s  weak, the 
incident i s  U ~ t e d  t o  a simple lzshotoll 

On the contra% i f  the variations of a i r  flaw are such %ha.$ a t  
a c e r t a b  moment and a cer tain poinC in the condurit, the eoncon,%rat%on 
of eomhstible vapors reaches the ig&t%on level, they a re  ig&*d and 
an explosion occzxss. Notabu, such a circumstance may be r e a u z e d  when 
the a i r  f lm  i s  sudden* stopped while the oxidation reaction h a s  
already reached a more or l e s s  t g m a w a y " b o n ~ t i o n .  Obviously the 
explosion of the gaseous e i s  U d t e d  t o  the eon 
r s semoi r  wMch is f i U e  he in£ Lamable gaseous 
analow with the terrnrinology used i n  firedamp explosions, we call this 
explosion a ttblaze,fl Its mechanical consequences are generauy 
inperceptible , 



However, i f  the f onmtion of an id 
suceeeded i n  e x t e n a g  i t s e l f  over a great  enough length, f o r  sxanple, 
of the order of 30 t o  If; meters, a blaze m y  start another tms sf 
explosion which i s  d i r e c t u  fed by the o i l  deposit and i s  capable of 
high-speed prqagat ion of the  order of one krilomter per second, an6 
f o r  a s  long a tiam as  it meets w i t h  a sufficiently- abudant  deposit of 
o i l *  

Thus ape w i l l  obseme e i the r  a blaze or a 
dspenang on the hportanco of the volwe of i n f  1s gaseous dx%ms 
generated by the loca l  decomposition of the  o i l  g,  1% seem $h% 
exceptional ciremstanees would be necessary f o r  thjs volmw t o  attaii3 
a serious level, a s  it is  qui te  probable t h a t  the gaseous &%we would 
be i ~ i t e d  a s  soon a s  it reached the igni t ion level, Chmces are very 
s E m  tht the l a t t e r  l eve l  would be reached a t  the sasne t i a e  t h r o ~ h o u t  
arn appreciable len&h of conduit. To be sure, this is the reasoi3i wm 
explosions of the f"blazeH type are frequently observed a d  also w l ~ y  
general explosions are extremely rare. 

It behooves us not t o  draw prac t ica l  consequences f ron  t h i s  
s%udy. We d l h  t ourselves t o  the  f o l l a n g  statement, Xn order 
t o  prevent explosions i n  casnprsssed a i r  conduits, we may eon&der 
several solutions: 

--preventing the formt ion  of an o i l  deposit i n  the  c o n d ~ t s ;  
- - l j i ~ t i n g  the  temperature of the ~ornprsssed air as i% enters 

the conduits or, f ina l ly ;  
--inserting an apparatus which i s  capable of s toppbg a,? w;cpPo%io~ 

which i s  already undernag. 
Only a vsry t h i n  deposit i s  needed t o  para i t  the pnnopaga%ion of 

an explosion. Thus it i s  doubtful w h e ~ e r  an effective f i l t r a t i o n  of 
the a i r  can be pemanentQ assured *thou% v e w  onerous prac t ica l  con- 
s-t;rdnts, 

In order that f h e - c u t t i n g  apparatuses be effective, they akus-b 
be large; thus they are ewersome. Noreover, they ornose %h@ conse- 
quences of a general explosion and not those of a blaze, 

mus  it seems t h a t  the best solution is t o  limit the temperahze 
of the compressed a i r .  Vie can, f o r  t h i s  purpose: 

--either i n s t a l l  a refrigerant dms t seam of %he hj_gh-;~jnssswe 
exhaust ( t M s  i s  the r a a e a l  solution, but obviously a bukdensome one); 

-or f imi , t  omselves t o  placing a t h e r m s t a t  on the exhaus.8; 
coaadat t o  stop the  e q ~ p m e n t  as  soon as  the temperature reaches a 
c s r t a b  level. IM. tbe choice of this value, it behooves us %o rexfesdqar 
tha t  the figures of this mportwhich were i n a c a t e d  as  having %riggemd 

ing of the o i l  coating o r  an igni t ion of o i l  vapors are 
valid, i n  a s t r i c t  sense, only fo r  the operating procedure i n  question, 



Legend: 1-Oil-impregnaimd mass; 2-Eleetric thermocozrples; 
3-Resistance heater; k--Oxygen. 

IL 

.. &$// , 

Legend: 1-Compressed air; 2-Copper block, diam 18 arm; 3-Asbestos 
rope thermal insulat5on; 4-Pipe 26 x 34; $-&l-i~apregn;r*d 
mass. 



Legend: 1-Time; 2-kd of flow and ignition; 3--Start of oxidation; 
4-~enrperatures; 5- Test No. 2 

Nature of the "Active Massn 

Ferric hydrate impregnated with 
15 parts of D 15 o i l  to 100 parts 
of hydrate - 

Absolute pressure 
8 kglcmz 

A i r  Flow at is0 and 760 m of m r c q  
1.200 d/hr 

Air velociiy i n  the tube calculated 
at 1900 C 
' ~ B Q  

T --temperatare of the air next to the active mass 
$-temperature of the uactive mass.. 



bgend: 1--From filter; 2--Intake valve; 3-Low-presswe cylinder; 
b-Pchaust valve; S--~ef rigerant ; &Intake valve; 7-Ei.gEr- 
pressure cylinder; 8--Ekhaust valve; 9-Diaphragm; 10--(205 
m from flask) ; ll--Small flask. 



Legend: 1-Perforated copper tube; 2-Steatite insulation; 3 4 o u p l e  
leads; &Sealing eaulking; 5-Perf ora-ted copper tube; 
6--Insulation; 7-Couple leads; &Valve; 9-Perforated 
copper tube; 10-Piping. 



Legend: 1-!time; 2-Luw-pessure intake; 3--~i&~ressure intake; 
4-High-pre ssure exhaust; 5--Lou-pressure exhaust; 6--Vacuum 
.operating oonditions; 7--Temperature. 

I 



bgend: 1-Ignition spark plug; 2-KIlingerite membrane; 3--0rigind 
location; 4-Location after test; 5--I;ength of condait; , 

6--~ottam; ?--Cattan pmdb~. 




